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Laser-induced delamination is a recent technique aimed at characterizing adhesive strength of thin
polymer coatings on metal substrates. A laser pulse is used to create a blister that initiates further
delamination of the film under pressure. To process the experimental data a simple elastic model was
developed. The model predicts values for the blister height and pressure in fair agreement with the
experimental findings. The critical stress state required for delamination and the work of adhesion
are derived. To account for possible plastic deformation computer simulations using finite elements
with a mixed mode cohesive zone were carried out. The polymer coating is described with a
constitutive law that includes an elastic response, yielding and hardening with increasing strain. The
stress fields calculated with finite element model are in agreement with those predicted by the elastic
model and it suggests that the contribution of plastic deformation to the work of adhesion is rather
limited. Comparative analysis of these two approaches is presented. The theoretical predictions are
compared to experimental results obtained for the 40 m thick polyethylene terephthalate film on
steel substrate. © 2007 American Institute of Physics. DOI: 10.1063/1.2434805
I. INTRODUCTION
Adhesion of polymer coatings on metals is of great in-
terest in various industrial applications, e.g., automotive in-
dustry, food and beverage packaging, and electronics.
Polymer-metal interfaces have been studied for many years,
and at present numerous testing techniques are available to
characterize the interfacial strength.1 It is a common practice
to characterize the strength of the interface with the work of
adhesion, which is defined as the work required to delami-
nate a unit area of a film. During delamination, however,
most of the testing techniques introduce considerable plastic
deformation in the polymer film. Therefore, one usually dis-
tinguishes the thermodynamic work of adhesion and the so-
called practical work of adhesion.2–4 The thermodynamic
work of adhesion is defined in wetting experiments by the
Young-Dupré equation. This definition requires that the sys-
tem is in the thermodynamic equilibrium and that the process
of delamination is reversible. In practice, however, delami-
nation proceeds via crack propagation, which is an irrevers-
ible process. In that case the interface strength is character-
ized by the interfacial energy release rate related to fracture
toughness as defined from Griffith’s criterion. Only if the
energy dissipation from the system is negligible the interfa-
cial energy release rate is equal to the thermodynamic work
of adhesion. The practical work of adhesion comprises both
the thermodynamic work of adhesion and the plastic defor-
mations introduced during testing. The latter depend on the
measuring technique.5,6
We will distinguish plastic deformation introduced near
the crack tip at the interface from deformation introduced in
the bulk of the polymer. Plastic deformation near the crack
tip still depends on the particular method applied because of
the mode mixity of the crack opening. However, because
plastic deformation involves only a very small volume frac-
tion its contribution to the total energy balance can be ne-
glected. If other energy dissipation mechanisms can be ig-
nored, the difference between the thermodynamic and the
practical work of adhesion is due to the plastic deformations
introduced in the bulk of the polymer film.
In this work polyethylene terephthalate PET laminated
metal sheets used in packaging industry were characterized
with the laser-induced delamination technique. It will be
demonstrated that the stress fields introduced in the bulk of
the polymer during delamination do not exceed the yield
stress of the polymer. Therefore plastic deformation does not
occur in the bulk of the polymer coating and consequently
the work of adhesion obtained from such experiments is a
good approximation of the thermodynamic work of adhe-
sion.
In the laser-induced delamination technique a coating
under study is subjected to a series of laser pulses with a
stepwise increase of intensity. Every shot is carried out
through a mask resulting in the formation of two parallel
cylindrically shaped blisters, as shown in Fig. 1. The images
of the blisters shown in this figure are measured with confo-
cal microscopy. A strip between the blisters is not exposed to
the laser irradiation and it is attached to the substrate at the
onset of each series. The cylindrical geometry of the blisters
is chosen to facilitate the procedure of measuring the blister
profiles. Upon increasing the laser pulse intensity, the pres-
sure which is formed inside the blisters reaches a critical
value resulting in further delamination of the central strip, as
shown in Fig. 1. The moment of delamination of the central
strip is directly related to the strength of the interface. TheaElectronic mail: j.t.m.de.hosson@rug.nl
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temperature spike created by the laser disappears in less than
a microsecond.7 As a consequence the polymer does not have
time to develop any plastic behavior during blister formation.
Another advantage of this technique is that no preliminary
sample preparation is required, and polymer coated samples
can be tested directly as received.
To provide a quantitative characterization a linear elastic
model is developed. By fitting the measured blister profiles
to the theoretical description the critical stresses required for
the delamination and the work of adhesion are determined.
The model developed by the authors is described in detail in
earlier publications.7,8 A summary of the model is presented
below, including a number of simplifications. The polymer is
considered as an unstretchable thin plate subjected only to
bending deformation. Secondly, no plastic deformation is
taken into account. In order to assess the validity of these
assumptions the stress fields in the film were simulated with
a finite element model FEM with a mixed mode cohesive
zone. The plastic behavior of the polymer is simulated by
implementing a realistic strain-stress relation of the PET
polymer in the stiffness tensor. A comparison between the
elastic and elastic-plastic approach and a confrontation to the
experimental observations is presented.
II. THIN PLATE MODEL
A cylindrical blister aligned along the x axis can be de-
scribed as a thin plate clamped along the boundaries parallel
to the y axis see Fig. 2. Within the Kirchhoff assumptions9
the governing equation for deflection w of a thin plate under








where D=Et3 / 121−2 is the flexural rigidity, E is the
modulus of elasticity,  is Poisson’s ratio, and t is the film
thickness. Naturally the blisters are overpressurized and the
pressure excess over the atmospheric pressure patm is denoted
by p. Then the absolute pressure inside the blister is pabs
= patm+ p.
Clamped or built-in boundary conditions are used:




where a is the dimension of the blister along the x axis. The
solution for this boundary value problem is
wx =
pa4
24D xa2 − 142. 3
The height of a blister H depends on the overpressure p





The nonzero stresses obtained from Hooke’s law and by
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z = −
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12 pD − p , 6
xz =
E
21 − 2z2 − t
2
4  pxD . 7
The maximum stress in the film is achieved for the x
component at the clamped boundaries at the interface with









In practice blisters have a finite length. It is convenient to
introduce the blister length b, measured in the y direction.





Note that in reality the blister is also clamped at the bound-
aries y=0 and y=b. However, if ba the introduced error is








Now, we consider elementary delamination that is char-
acterized by the increase of the blister width, da. Upon
delamination the energy of the system reduces due to the
relaxation of the blister cap, dU. Secondly, the Helmholtz
FIG. 1. Schematic representation of the laser-induced delamination tech-
nique. A series of subsequent laser shots is performed through the mask. The
laser pulse intensity gradually increases from left to right. The shadowed
region between the blisters is not exposed to the laser radiation and delami-
nates only under pressure, which is built up inside the blisters. The images
of the blisters shown in this figure are taken with confocal microscopy.
FIG. 2. Cylindrical geometry of a blister used in the elastic model.
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free energy of the gas inside the blister is reduced dF
=−patm+ pdV. The gas temperature during delamination is
assumed to be constant. The energy gain is spent on fractur-
ing of the interface GdS, where G is the work of adhesion
and dS=bda is the delaminated area. Furthermore, work
against the outside pressure patm is produced: A= patmdV,
where dV is the volume change. Thus the condition for
delamination becomes
− dF + dU GdS + A . 11
During delamination the blister volume increases and as-
suming that the amount of gas inside the blister stays con-





































Combining Eq. 11 with Eqs. 13 and 14 the expression







Index c indicates that the corresponding values relate to the
critical condition when the inequality of Eq. 11 turns into
equality. By using Eq. 4 two other expressions for the work










Equation 16 is similar to the general equation for the work
of adhesion in delamination experiments given by Williams10
and the expression for the standard blister test given by Cot-
terell and Chen.11 In Eq. 17 the work of adhesion is ex-
pressed through the blister height H and blister width a. This
equation is convenient to use in the laser-induced delamina-
tion, because those two features are derived from a measure-
ment of the blister profiles.
III. FINITE ELEMENT MODELING
In order to account for polymer plastic behavior finite
element modeling was performed. The FEM code used in the
modeling is presented in Refs. 12 and 13. The polymer coat-
ing is described with a constitutive law that mimics the be-
havior of PET. It includes an elastic part, yielding and hard-
ening with increasing strain. The polymer-steel interface
interaction is described by a rate independent mixed mode




t = 	n + 	n exp− 
nn 	1 − r + 
nn 1 − qr − 1










t are the normal and tangential displacement
components, respectively. The interface strength is defined
by the work of the normal 	n and the work of tangential
	t separation related to as 	t=	nq. The corresponding
traction components Tn and Tt are calculated as follows: T
=−	 /
 =n , t. The n and t are the characteristic nor-
mal and tangential separation lengths at which the corre-
sponding tractions reach the maximum in pure normal or
tangential loading mode: Tn,0
maxTnn ,0, T0,t
max
Tt0,t /2. To provide a realistic behavior of the cohe-
sive zone potential at normal compressive stress the param-
eters q and r are both taken equal to 0.5. However, because
normal compressive stresses are not significant during blister
growth, the final result is not very sensitive to this assump-
tion. Simulations were carried out with various input param-
eters describing the cohesive zones. The input parameters
together with the notation of the corresponding cohesive
zones are summarized in Table I. In Fig. 3 the cohesive zones
CZ1, CZ3, and CZ5 with the same work of normal separa-
tion 	n or in other words with the same area under the
curve but different characteristic separations n and t are
demonstrated.
TABLE I. Parameters of the cohesive zones used in the FEM simulations: work of normal separation 	n;
characteristic normal and tangential separation lengths n and t; maximum normal tangential traction in pure
normal tangential loading mode Tn,0
max T0,t
max; and actual maximum normal n
max and tangential t
max stresses
around the crack tip, estimated from the FEM simulations.





CZ1 2.5 50 70.7 18.39 15.16 6.0 12
CZ2 2.5 100 141 9.19 7.60 6.0 5.5
CZ3 2.5 200 282 4.6 3.8 3.8 1.8
CZ4 2.5 300 424 3.06 2.52 2.5 1.3
CZ5 2.5 500 707 1.83 1.57 1.7 0.65
CZ6 1.0 200 282 1.8 1.5 1.6 0.65
CZ7 5.0 200 282 9.2 7.6 6.7 5.0
043520-3 Fedorov et al. J. Appl. Phys. 101, 043520 2007
Downloaded 29 Mar 2007 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
IV. RESULTS AND DISCUSSION
In this section the stress fields calculated with the elastic
model and with the FEM code will be compared. Next the
blister shape parameters, height H and width a, calculated
with the elastic model and with the FEM code will be com-
pared with those obtained from experiment. This will pro-
vide information about the work of adhesion of the measured
polymer-metal interface and the critical normal and tangen-
tial stresses required for delamination.
A. Stress fields
A comparison of the stress fields in the blister cap cal-
culated with the linear elastic model and the FEM code is
presented in Fig. 4. In the case of the elastic model the
stresses x, z, and xz were calculated with Eqs. 5–7. In
both models the blister is formed with the same overpressure
p=0.75 atm and the blister width a is taken 1 mm. A cohe-
sive zone denoted in Table I as CZ3 was used in the FEM
simulation. Other material parameters used both in the linear
elastic model and FEM simulations are E=2109 Pa and
FIG. 3. Normal top and tangential bottom traction components calcu-
lated for the cohesive zones with various characteristic normal traction sepa-
ration lengths n. Tangential separation length is fixed at t=2n.
FIG. 4. Stress fields x, z, and xz calculated with the elastic model left column, a, c, and e, respectively and with FEM right column, b, d, and
f, respectively.
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=0.3. The shape of the blister cap and its height obtained
with the elastic model and FEM are in agreement.
The x component of the stress field Figs. 4a and 4b
has the largest contribution to the strain energy stored in the
film bending mode. The stress is symmetric along the
middle plane of the blister cap. The maximum stress is
reached at the polymer-metal interface, at the boundaries of
the blister, and is tensile in character x=−a /2 and x=a /2,
z=−t /2. Note that in the case of the elastic model, because
of the clamped boundary conditions Eq. 2 the stress field
is zero beyond the blister boundaries. In contrast, the FEM
simulations predict nonzero stress fields penetrating beyond
the blister boundaries. The absolute values and the pattern of
the stress fields obtained in both calculations are in agree-
ment.
The z component calculated with the thin plate model
and FEM are shown in Figs. 4c and 4d, respectively. At
the bottom surface the stress is equal to the overpressure and
at the top surface is zero. In contrast to the thin plate model
calculations carried out with the FEM code also predict sig-
nificant stress, both compressive and tensile, at the blister
boundaries. This is due to the coupling of the normal and
tangential tractions introduced in the cohesive zone. The
FEM prediction is more realistic and it also provides infor-
mation about the mode mixity of the crack opening.
The shear stress fields xz calculated by both models are
shown in Figs. 4e and 4f. It is easy to conclude from Eq.
7 that the field is antisymmetric in x and that it has a qua-
draticlike behavior in the z direction. The major discrepancy
between the models is again observed at the blister bound-
aries.
Depending on particular blister dimensions the stress
fields can deviate from those just demonstrated. However, in
all cases relevant to the blisters observed in the laser-induced
delamination experiments the absolute values of the stresses
in the bulk of the polymer film do not exceed the yield stress
for PET, which is about 50 MPa. That explains why the plas-
tic behavior incorporated in FEM is not observed, and the
elastic model provides a satisfactory description.
B. Work of adhesion
In the laser-induced delamination experiments the blister
profiles are measured with a stylus profiler. The profiles are
fitted to Eq. 3, as shown in Fig. 5, and the blister width a
and height H are obtained. Both values are used to calculate
the corresponding work of adhesion by using Eq. 17. The
flexural rigidity of the polymer is assumed to be known. The
latter comprises also the coating thickness that is measured
separately. The agreement between the experimental profiles
and the fit suggests that the elastic model provides a realistic
description of the polymer film deformations.
Figure 6 presents the contour plot of the work of adhe-
sion calculated with Eq. 17. The axes of the plot are the
blister width a and height H. Every contour line represents
critical blister dimensions at which delamination of an inter-
face characterized by the indicated work of adhesion starts.
The values of the work of adhesion are given in J /m2. As the
intensity of the laser pulse increases a blister height H and
width a should follow the following trend. At low intensities,
when no delamination occurs, the width of the blister is con-
stant and is equal to the image of the opening in the mask
projected on a sample. The height of the blister gradually
increases with the intensity of the laser beam. As the laser
intensity increases the pressure inside the blisters rises and
eventually the condition for delamination described by Eq.
11 is satisfied. Both the blister width and the height in-
crease following one of the contour lines given by Eq. 17.
Since the work of adhesion is the characteristic feature of the
interface all blisters involved in delamination, independent
of their dimensions, will follow one of the contour lines. This
behavior is observed in Fig. 6 where blister dimensions ob-
tained from the experiment are shown. In order to cover a
FIG. 5. The blister profilers measured with the stylus profiler solid line
and fitted to Eq. 3.
FIG. 6. Contour lines are defined by Eq. 17 and represent the blister
critical dimensions, height H and width b, at which delamination of an
interface characterized with the indicated work of adhesion occurs. Experi-
mental data are presented by symbols. Different symbols correspond to dif-
ferent series of measurements. FEM simulations carried out with the cohe-
sive zone CZ3 are shown as dashed lines.
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wide range of the blister dimensions, a number of series of
measurements indicated by different symbols are carried out
with different sizes of the mask. Most of the data points over
a wide range of blister widths from 700 to 1400 m are
bound between the contour lines corresponding to 2 and
3 J /m2. It can also be observed that as the blister width
increases the data points tend to show a lower work of ad-
hesion as predicted by the contour lines.
In the FEM simulations the interaction between the poly-
mer and the substrate surfaces is described by the cohesive
zone. The mechanical work required to separate these sur-
faces, , is equal to the work of normal separation 	n used in
the potential given by Eq. 18:
 = 	+ , +  − 	0,0 = 	n. 19
The evolution of a number of blisters with various initial
dimensions is simulated with FEM code. The blister pressure
is gradually increased until the delamination takes place. To
compare the simulations with the experimental results the
work of normal separation is chosen to be 	n=2.5 J /m2. In
these particular simulations the cohesive zone denoted as
CZ3 in Table I was used. The reasons for this choice are
discussed in the next section. The evolution of the blister
dimensions obtained in the simulations is shown in Fig. 6
with a dashed line. The characteristic kink in the curve is
attributed to the moment of delamination. After delamination
starts the dashed line should follow one of the contour lines
of a constant work of adhesion provided by the elastic
model. However, because of the unstable behavior these
lines could not always be followed by the FEM code.
FEM simulations with various values for the work of
normal separation 	n and the initial blister width were car-
ried out. The results are shown in Fig. 7. Independent of the
initial blister width all blisters simulated with the same work
of separation start to delaminate at the critical dimensions
given by the same contour line. The work of adhesion asso-
ciated with this contour line has approximately the same
value as the work of normal separation used in the FEM
simulations. It is noteworthy that both definitions of the work
of adhesion, given by Eqs. 11 and 19, show a fair agree-
ment.
It is also shown that the results obtained with FEM cal-
culations are more in line with the experimental measure-
ments than the elastic model. There are a number of reasons
for the discrepancy between FEM simulations and the ex-
periments on one side and the elastic model description on
the other. Firstly, in contrast to the elastic model FEM takes
stretching of the polymer film into account. Secondly, FEM
uses more realistic boundary conditions and FEM simula-
tions provide also a more realistic stress distribution around
the crack tip see also Sec. IV A. In addition the concept of
a thin plate model used in the elastic description is only valid
under the condition that H0.3 t,9 where t is the plate thick-
ness. In the case of the 40 m thick polymer coating used in
this work the blister height is limited with H=12 m, which
is less than the blisters measured in the experiments.
C. Maximum traction and characteristic separation
length
So far the adhesive strength of polymer-metal interface
was characterized only in terms of the work of adhesion. As
demonstrated in Fig. 3 the shape of the potential used in the
cohesive zone model depends also on the characteristic sepa-




. Thus interfaces characterized by the
same work of adhesion may still behave in a different man-
ner depending on the relation between maximum tractions
and the stresses developed at the interface. In order to define
the shape of the cohesive zone a number of FEM simulations
were carried out with various separation lengths. The normal
work of separation was fixed to 2.5 J /m2, while the normal
characteristic separation length n varied between 50 and
500 nm. The tangential separation length t was fixed at t
=2n to keep the maximums of the normal and tangential
traction components at the same separation length. The re-
sults of the simulations are confronted to the experimental
data in Fig. 8. The simulations carried out with greater values
of the separation length turn into delamination regime rather
smoothly. A cohesive zone with a normal separation length
of n=200 nm provides the best agreement with the experi-
mental data for both series. Thus the measured polymer-
metal interface can be described with the cohesive zone
given by Eq. 18 with the work of normal separation of
	n=2.5 J /m2 and the characteristic normal separation length
of n=200 nm which is denoted as CZ3 in Table I.
The concept of the cohesive zone provides a certain in-
sight into the strain and stress fields around the crack tip
during delamination. In Fig. 9 the evolution of the normal
and tangential displacements of three nodes located at the
blister boundary is plotted as a function of the blister pres-
sure. No such information could be obtained from the elastic
model Sec. II. Moreover, the elastic model predicts that the
FIG. 7. Results of FEM simulations carried out with various values of the
normal work of separation 	n, which values are given in the legend. Three
different initial blister widths were used. Contour lines of constant work of
adhesion are calculated with Eq. 17.
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horizontal component x has the biggest contribution in the
stress field at the blister boundaries. In contrast the FEM
simulations predict a mixed I-II opening of the crack with
almost 45° of the opening angle. The same conclusion can be
drawn from Fig. 10, where the evolution of the normal and
tangential stress components for the same nodes is presented
as a function of the blister pressure. The unloading proceeds
through mode II and then mode I. The maximum values of




, are not reached. The actual maximum normal
n
max and tangential t
max stresses reached at the crack tip
estimated from the simulations for all cohesive zones are
listed in Table I. The values can vary within 10% depending
on the actual blister dimensions. It is clear that details of the
cohesive zone approach have to be critically analyzed, e.g.,
see. Ref. 14. In this respect it is interesting to note that Varia
et al.15 studied the delamination of a thin film from a rigid
substrate with a finite element model, which simulates film
buckling and subsequent interfacial crack growth, based on
film/substrate adhesive constitutive relations. In contrast to a
simple cohesive zone approach these relations have been
motivated by atomistic calculations on bimaterial failure and
the model does not require any specific facture criterion. Fur-
ther, if the characteristic dimension of the system is reduced,
then higher order strain gradient will play a significant role
not only in the prediction of critical stress but also on gov-
erning the pattern formation after bifurcation. Size effects
will particularly be relevant for thin layers on thin metallic
substrates. The instability phenomena and related size effects
can be treated by employing a gradient elasticity or gradient
plasticity approach.16–18
V. CONCLUSIONS
The laser-induced delamination technique presented in
this work provides a method for characterizing the adhesion
strength of a metal-polymer interface. In this technique a
laser pulse is used to create a blister that promotes further
delamination of the film under the blister pressure. In order
to obtain the stress distribution in the polymer film and to
calculate the work of adhesion a simple elastic model has
FIG. 8. Results of FEM simulations carried out with various values of the
characteristic normal separation length n, which values are given in the
legend. Tangential separation length is t=2n. Experimental data points
are given with 
 symbol. Contour lines of constant work of adhesion are
calculated with Eq. 17.
FIG. 9. Evolution of the normal and tangential displacements of the nodes
located at the blister boundary during delamination. The blister pressure is
the running parameter with direction as indicated. The legends of the nodes
are given schematically in the insert. In this simulation the cohesive zone
CZ3 was used.
FIG. 10. Evolution of the normal and tangential stresses calculated at the
nodes located at the blister boundary during delamination. The blister pres-
sure is the running parameter with direction as indicated. The legends of the
nodes are given schematically in the insert. In this simulation the cohesive
zone CZ3 was used. The maximum normal and tangential traction compo-
nents at pure loading mode, Tn,0
max and T0,t
max
, are shown with the dashed line.
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been developed. To account for possible plastic deformation
computer simulations using a finite element model with a
mixed mode cohesive zone were carried out.
A fair agreement between the stress distributions in the
polymer coating predicted by both models is demonstrated.
Plastic deformations are not observed in the bulk of the poly-
mer. The only discrepancy between the elastic model and
FEM simulations is limited to the crack tip zone but this does
not affect the calculated value of the work of adhesion.
From a fit of the FEM results to the experimental data it
was concluded that the measured polymer-metal interface
can be described with a cohesive zone, i.e., the work of nor-
mal separation 	n=2.5 J /m2 and the characteristic normal
separation length of n=200 nm. The opening of the crack at
the blister boundary appears to be of a I-II mixed mode.
From the analysis of the stress fields around the crack tip the
critical normal and tangential stresses required for delamina-
tion are estimated.
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